Long-term memory requires activity-dependent synthesis of plasticity-related proteins (PRPs) to strengthen synaptic efficacy and consequently consolidate memory. Cytoplasmic polyadenylation element binding protein (CPEB)3 is a sequence-specific RNA-binding protein that regulates translation of several PRP RNAs in neurons. To understand whether CPEB3 plays a part in learning and memory, we generated CPEB3 knock-out (KO) mice and found that the null mice exhibited enhanced hippocampus-dependent, short-term fear memory in the contextual fear conditioning test and long-term spatial memory in the Morris water maze. The basal synaptic transmission of Schaffer collateral-CA1 neurons was normal but long-term depression evoked by paired-pulse low-frequency stimulation was modestly facilitated in the juvenile KO mice. Molecular and cellular characterizations revealed several molecules in regulating plasticity of glutamatergic synapses are translationally elevated in the CPEB3 KO neurons, including the scaffolding protein PSD95 and the NMDA receptors along with the known CPEB3 target, GluA1. Together, CPEB3 functions as a negative regulator to confine the strength of glutamatergic synapses by downregulating the expression of multiple PRPs and plays a role underlying certain forms of hippocampusdependent memories.
Introduction
Modulation of long-lasting synaptic strength requires activityinduced synthesis of plasticity-related proteins (PRPs) to sustain morphological and functional changes of synapses that are crucial for the establishment and consolidation of long-term memory (LTM). Several RNA-binding proteins control specific PRP syntheses in neurons via regulating RNA transport, translation, and/ or stability; and when genetically mutated or ablated, results in aberrant memory performance in humans and mice (Richter and Klann, 2009 ; for review, see Costa-Mattioli et al., 2009; Darnell and Richter, 2012; Gal-Ben-Ari et al., 2012) . Cytoplasmic polyadenylation element binding protein (CPEB) family of RNAbinding proteins in vertebrates contains four members, CPEBs1-4, all of which are expressed in the brain (Theis et al., 2003) and share structure and sequence identity in the RNAbinding domain (RBD; Huang et al., 2006) . Disruption of cpeb1 gene in mice reduced extinction of hippocampus-dependent LTM (Berger-Sweeney et al., 2006) and altered synaptic electrophysiology in the Schaffer collateral (SC) pathway (Alarcon et al., 2004) . In contrast, the contribution of other CPEB members in learning and memory is not clear. Among them, CPEB3 was shown to repress the translation of several PRP RNAs, which encode for epidermal growth factor receptor and the subunits of AMPA receptor (AMPAR), GluA1, and GluA2 (Huang et al., 2006; Peng et al., 2010; Pavlopoulos et al., 2011) . NMDA receptor (NMDAR) signaling triggers calpain 2-mediated cleavage of CPEB3 and subsequently results in translation of CPEB3-targeted RNAs (Huang et al., 2006; Chen and Huang, 2012; Wang and Huang, 2012) . In this model, CPEB3 is a repressor and ameliorates its repression ability via NMDAR-activated proteolysis. Moreover, monoubiquitination of CPEB3 by neuralized1 (Neurl1) can switch CPEB3 from a repressor to an activator to increase the translation of GluA1 and GluA2 RNAs (Pavlopoulos et al., 2011) . Thus, CPEB3 bilaterally regulates translation depending on its ubiquitin-modified state. Although there are a couple of mechanisms identified to modulate CPEB3-repressed translation in neurons, the role of CPEB3 in learning and memory is not clear. Thus, we generated CPEB3 knock-out (KO) mice, which demonstrated normal physical performance and homecage behaviors, but showed reduced exploratory activity in the open field. The learning and memory abilities were assessed using contextual fear conditioning and Morris water maze. In the former assay, the KO animals showed elevated short-term fear responses during acquisition and extinction trainings, but exhibited normal long-term fear memory. In the latter task, the null mice displayed better consolidated spatial memory, which appeared to hinder their ability to locate a new platform position in the reversal probe test. Electro-recordings identified enhanced paired-pulse low-frequency stimulation (PP-LFS)-induced longterm depression (LTD) at the SC-CA1 synapses of KO mice. Molecular and cellular characterizations revealed that the enlargement of dendritic spines and elevated expression of several PRPs, including GluA1, NMDARs, and PSD95, in the KO neurons. The protein, but not the RNA level of these CPEB3 targets, was elevated, which was accompanied by a shift of the RNA distribution toward polysomes in the KO brains. These results revealed the in vivo role of CPEB3 as a negative regulator to constrain the translation of multiple PRP RNAs and the strength of consolidated memory.
Materials and Methods

Antibodies and chemicals
Antibodies used in the study were as follows: myc-tag and LRP130 from Santa Cruz Biotechnology; NR1, NR2A, NR2B, GluA1, PSD95, and synaptophysin from Millipore; and GFP, ␤-actin, and ␣-tubulin from Sigma-Aldrich. The CPEB3 antibodies have been described previously (Chao et al., 2012; Wang and Huang, 2012) . Alexa Fluor-conjugated secondary antibodies were obtained from Invitrogen. With the exception of the Fura-2 AM calcium indicator (Invitrogen), all of the other chemicals were purchased from Sigma-Aldrich.
Animals
All of the experimental protocols were performed in accordance with the guidelines of the Institutional Animal Care and Utilization Committee. C57BL/6J mice were housed under a 12 h light/dark cycle in a climatecontrolled room with ad libitum access to food and water. All efforts were made to minimize the number of animals used and their suffering. The wild-type (WT) and KO male mice used for behavior, electrophysiology, and biochemical studies were littermates from heterozygous matings.
Construction of the CPEB3 targeting vector and generation of mutant mice
The genomic BAC clone (RP23-56A17) containing the 5Ј-portion of the C57BL/6J mouse CPEB3 gene was used to construct the targeting vector by the recombineering technique according to the manufacturer's instructions (Gene Bridges). Briefly, a loxP-Neo-loxP cassette was first recombined into the 3Ј-end of exon 2 and excised with recombinant Cre (New England Biolabs) in vitro to result in a single loxP site. The resulting plasmid was recombineered with the Frt-PGK-Neo-Frt-loxP cassette to the 5Ј-end of exon 2. The plasmid was linearized with NruI and electroporated into C57BL/6J ES cells. Four correct clones of 258 G418-resistant clones were injected into c2J blastocysts. Only one clone derived a germline-transmitted line. The mouse carrying floxed allele was first crossed with Frt recombinase driven by the ␤-actin promoter to remove the Frt-PGK-Neo-Frt cassette. The resulting line was maintained as fCPEB3 mice and then crossed with the protamine-Cre transgenic mouse to derive KO mice.
Genotyping of CPEB3 embryos and mice
The genotypes were determined by PCR using tail biopsies and the KAPA mouse genotyping kit (KAPA Biosystems). Briefly, tail samples were lysed in 20 l of KAPA extract buffer for 20 min at 75°C and then 5 min at 95Ϫ100°C. The DNA sample was then diluted with 60 l of H 2 O, and 0.5 l was used for a 10 l PCR reaction. The sense primer, CP3F1 5Ј-TTTGATCCTTCTGCCTCTCCCTC-3Ј and two antisense primers, CP3R1 5Ј-TTGGTACACGACCCTCTTTCCCC-3Ј and CP3R2 5Ј-TATGGCTCTGAAGGTCGTGTCCT-3Ј at a 2:1:1 ratio were used to amplify the WT and KO alleles, respectively.
Primary neuronal cultures, DNA transfection, and lentivirus infection
To culture WT and KO neurons, the cortices and hippocampi of E18 embryos from heterozygous matings were isolated and maintained individually in HBSS for 2 h on ice. At the same time, the tails were collected for genotyping. Once the genotypes were determined, the WT and KO cerebral cortices regardless of sex were pooled and used for neuronal cultures as previously described (Chao et al., 2012) . The cell density was at 3 ϫ 10 5 cells/ well in a 12-well plate, 2 ϫ 10 6 cells/60 mm dish, and 5 ϫ 10 6 cells/100 mm dish. Delivery of DNA into the neurons was performed using calcium phosphate transfection or lentivirus infection as previously reported (Chao et al., 2012) .
Immunohistochemistry, immunofluorescence staining, imaging acquisition, and quantification
Coronal sections of WT and KO male brains after 10 min fixation in 4% formaldehyde and 20 min antigen retrieval in 10 mM sodium citrate buffer, pH 6 at 70°C, were washed twice with Tris-buffered saline (TBS) and permeabilized with 0.2% Triton X-100 in TBS. After three washes with TBS and 1 h blocking in 10% horse serum, the slices were incubated with affinity-purified CPEB3 antibody at 4°C overnight. After washes with TBS, the immunobinding signal was developed using the Vectastain Elite ABC kit (Vector Laboratories) following the manufacturer's protocol. Neurons at 14 different days in vitro (DIV) transfected with the enhanced green fluorescent protein (EGFP) plasmid were processed on 18 DIV for immunofluorescence staining and confocal imaging as previously described (Chao et al., 2012) . The images were quantified using the MetaMorph software and then exported into Excel and GraphPad Prism for the analyses. Approximately 3000 spines within 20 m dendritic segments 30 m away from the somas of 30 neurons were measured in each group (Chao et al., 2008) .
Synaptosome, synaptic density, and synaptic cytosol preparation
The cortices and hippocampi rapidly removed from the 3-month-old male mouse were homogenized in 2 ml sucrose buffer (10 mM HEPES, pH 7.5, 1.5 mM MgCl 2 , 320 mM sucrose, 5 mM EDTA, 5 mM dithiothreitol (DTT), 0.1 mM PMSF, 10 M MG132, and 1X protease and phosphatase inhibitors). Homogenates were centrifuged at 700 ϫ g for 10 min at 4°C to remove nuclei and cell debris. The supernatant was then centrifuged again at 9250 ϫ g for 15 min to obtain the pellet containing the crude synaptosome. The crude synaptosome fraction was resuspended in sucrose buffer with 1% Triton X-100 at 4°C for 60 min, followed by 40,000 ϫ g centrifugation for 30 min to obtain the pellet (synaptic density) and supernatant (synaptic cytosol).
RNA immunoprecipitation and quantitative PCR
Cerebral cortices isolated from 3-month-old male mice were homogenized in 2 ml of RNA immunoprecipitation (RIP) buffer (DEPC-treated water containing 20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM MgCl 2 , 0.5% Triton X-100, 0.5% NP-40, 10% glycerol, 0.5 mM DTT, 1X protease inhibitor cocktail, and 40 U/ml RNase inhibitor), and incubated at 4°C for 60 min on a rotator. Insoluble debris was pelleted at 10,000 g for 5 min. The supernatant was divided and incubated with either control or CPEB3 IgG-bound beads for 3 h. The beads were washed with RIP buffer five times, and 1/5 of the bead volume was used for immunoblotting. The remaining beads were eluted with 4 M guanidine thiocyanate, followed by phenol/chloroform extraction and ethanol precipitation in the presence of 5 g of glycogen. The RNA precipitates were reverse transcribed using oligo-dT and ImPromII Reverse Transcriptase (Promega). Quantitative PCR (qPCR) was conducted using the Universal Probe Library and Lightcycler 480 system (Roche). The data analysis was performed using the comparative C t (threshold cycle value) method with the nonCPEB3-targeted RNA, GAPDH mRNA (total RNA and RIP experiments), or synaptophysin mRNA ( polysome experiment) as the reference. The PCR primers used were as follows: PSD95, 5Ј-GGCGCA CAAGTTCATTGAG and 5Ј-TGAGACATCAAGGATGCAGTG; NR1, 5Ј-TACAAGCGACACAAGGATGC and 5Ј-TCAGTGGGATGGTACTGC TG; NR2A, 5Ј-CTGCTCCAGTTTGTTGGTGA and 5Ј-AGATGCCCGTAA GCCACA; NR2B, 5Ј-GGGTTACAACCGGTGCCTA and 5Ј-CTTTGCCG ATGGTGAAAGAT;GluA1,5Ј-CGGAAATTGCTTATGGGACAand5Ј-AC ACAGCGATTTTAGACCTCCT; GAPDH, 5Ј-GCCAAAAGGGTCATCA TCTC-3Јand5Ј-CACACCCATCACAAACATGG-3Ј;synaptophysin,5Ј-CA AGGCTACGGCCAACAG-3Ј and 5Ј-GTCTTCGTGGGCTTCACTG-3Ј.
Sucrose density gradient for polysomal profiling
Two plates of WT or KO cortical neuron cultures at 18 DIV (ϳ10 7 neurons) were washed with PBS, lysed in 600 l buffer (25 mM HEPES, pH 7.5, 100 mM NaCl, 10 mM MgCl 2, 100 g/ml cycloheximide, 0.25 M sucrose, 40 u/ml RNase inhibitor, and 1X protease inhibitor cocktail), and centrifuged for 5 min at 10,000 g at 4°C. Approximately 500 l of supernatant was layered on top of a linear 15%-50% (w/v) sucrose gradient. Centrifugation was performed in a SW41 rotor at 37,000 rpm for 2 h. Polysome profiles were monitored by absorbance of light with a wavelength of 254 nm (A 254 ).
RNA extraction, Northern blotting, and RT-PCR
Sucrose gradient fractions were treated with 100 g/ml Proteinase K and 0.2% SDS for 20 min at 37°C, phenol/chloroform extracted and precipitated with isopropanol to obtain RNAs. Total RNA was extracted using Trizol reagent (Invitrogen). Thirty micrograms total RNA isolated from WT, heterozygous, and KO tissues was used for Northern blotting. A 285 bp CPEB3 cDNA region, amplified using the sense exon3, 5Ј-GGTAAA CACTACCCTCCC-3Ј, and the antisense exon6, 5Ј-CACCTTTCTAGA GTAGCGTTC-3Ј primers, was used to synthesize the radiolabeled probe by random primer labeling. The cDNAs reverse transcribed from brain and testis RNAs were used for PCR with the sense primer exon2, 5Ј-ATGGAGGATAACGCTTTCCG-3Ј, exon3 or exon7, 5Ј-ACTGCCAGCTTTCGCAGG-3Ј along with the antisense primer exon11, 5Ј-TACTGCAGACAGGTGACG-3Ј.
Plasmid construction, in vitro transcription, and luciferase reporter assay
Mouse PSD95 3Ј-UTR was PCR-amplified from brain cDNA using the primers 5Ј-CGGAATTCTTCCTGCCCTGGCTTGGCC-3Ј and 5Ј-CCGCTCGAGCAAGTGTCTGTCTCTTCCTTTC-3Ј. The DNA fragment was cloned into the pcDNA3.1 and pcDNA3.1-FLuc plasmid. The RNAs used for transfection were synthesized using the mMessage mMachine T3 and T7 Ultra kits (Invitrogen). Hippocampal neurons at 10 -11 DIV were cotransfected with 1.1 g EGFP, myc-CPEB3, or myc-CPEB3C RNA along with 0.2 g of firefly luciferase RNA appended to the PSD95 3Ј-UTR and 0.05 g of Renilla luciferase RNA using the TransMessenger Transfection reagent (Qiagen). Six hours after transfection, the neurons were harvested for the dual luciferase assay (Promega).
Behavior assays
Open field. Each male mouse was released into a corner of the arena and allowed to explore for 60 min. The recorded moving trace of each mouse was analyzed using the TopScan system (Clever Sys).
Elevated plus maze. The elevated plus maze (EPM) consisted of two open arms with 1 cm ledges and two enclosed arms with 15 cm walls. The maze was elevated to a height of 50 cm above the floor during the task. The mouse behaviors were recorded in a 5 min testing period and analyzed using the TopScan system.
Rotarod. The male mice were placed on rotating drums with gradually accelerated speeds from 0 to 40 rpm. The time each mouse was able to maintain its balance on the rod and the minimum speed at which the mice would fall were recorded.
Shock activity. To measure the sensory and pain thresholds in mice, the male mice were given a 1 s shock with increasing intensity from 0.05 mA to 0.4 mA at a 0.05 mA interval until the mice became aware, vocalized, or jumped in response to the shock (Irvine et al., 2011) .
Contextual fear conditioning. A chamber with an electrified floor grid and a video camera (Clever Sys FreezeScan) was used to measure the freezing response in mice. On the day of fear conditioning, the male mice were placed in the chamber, and a 2 s 0.5 mA foot shock was given every 2 min for four times. The mice were then placed back into their cages 2 min after the final shock. Extinction trials were followed 24 h later in the same chamber.
Morris water maze. The male mice were trained in a circular pool filled with milky water, which was maintained at 20°C (Morris, 1984) . A circular platform was placed 1 cm beneath the water surface in the center of one quadrant. Training for the hidden platform version of Morris water maze (MWZ) consisted of four trials each day for 4 consecutive days. The probe trial was administered 24 h after the four training days. During the reversal training, the acquisition training of the new platform position consisted of four trials for 1 d, followed by a probe test 24 h later. The reversal learning was repeated two more times. Last, the escape platform, which was marked by a visible flag, was placed to ensure the swimming ability and visual acuity of the mice. For all of the trials, the maximal swimming duration was 60 s and the intertrial interval (ITI) was 15 min. The trajectories of the mice were recorded and analyzed using the video tracking and measuring system, TrackMot (Singa Technology). All of the behavioral data were analyzed using STATISTICA software. Student's t test, one-way ANOVA, two-way ANOVA, and Fisher's LSD post hoc test were used to determine the statistical differences.
Slice preparation and field recording
A male mouse was decapitated and the brain was immediately isolated and placed in ice-cold artificial CSF (aCSF), containing the following (in mM): 124 NaCl, 4.4 KCl, 1 NaH 2 PO 4 , 1.3 MgSO 4 , 10 D-glucose, 26 NaHCO 3 , 2.5 CaCl 2 , and 0.5 ascorbic acid, pH 7.4, and oxygenated with 95% O 2 and 5% CO 2 . Transverse hippocampal slices (400 m thick) were prepared using a microslicer and recovered in a submerged holding chamber perfused with oxygenated aCSF at 28°C for at least 2 h. The slice was then transferred to an immersion-type chamber perfused with aCSF at a flow rate of 2-3 ml/min and maintained at 30 Ϯ 1°C to record the field EPSP (fEPSP). A concentric bipolar tungsten stimulating electrode (No. 795500; A-M Systems) was placed in the stratum radiatum near the CA2 region and a glass recording microelectrode (No. 615500; A-M Systems) filled with aCSF was placed in the stratum radiatum of the CA1 region. The input-output responses were measured using the stimulus intensity from 20 to 110 A. PPF was measured at interpulse interval (IPI) from 10 to 250 ms. Baseline stimulation (0.017 Hz, 0.1 ms pulse duration, biphasic) was adjusted to evoke 30 -40% and 50% of the maximal response for long-term potentiation (LTP) and LTD, respectively. The quantification of synaptic transmission strength was measured using the slope of fEPSP (using the minimum slope from 10 to 90% of the rising phase). A stable baseline was acquired 20 -30 min before stimulation. LTD was induced by LFS (1 Hz 15 min) or PP-LFS (50 ms IPI, 1 Hz 15 min). Long-term potentiation (LTP) was evoked by high-frequency stimulation (HFS): one train of 100 Hz, two trains of 100 Hz (20 s ITI), four trains of 100 Hz (5 min ITI), one train of theta-burst stimulation (TBS; nine bursts of four pulses at 100 Hz, 200 ms interburst interval) or four trains of TBS (5 min ITI). The average fEPSP slope measured at the indicated time after stimulation was used for statistical comparisons by Student's t test.
Results
Generation of CPEB3-deficient mice
To investigate the role of CPEB3 in learning and memory, we used the cre-loxP strategy to generate CPEB3 KO mice in a C57BL/6 genetic background (Fig. 1A) . The targeting vector was electroporated into C57BL/6 embryonic stem (ES) cells. Four correct targeting ES clones were injected into C57BL/6-Tyrc-2J (c2J) blastocysts for chimera production, where one of the injected blastocysts successfully produced germline-transmitted chimeras. After multiple crossings with C57BL/6 mice, C57BL/6 mouse lines expressing ubiquitous Flp recombinase or spermspecific Cre recombinase to obtain CPEB3 heterozygous mice (Fig. 1A) , the littermates from these heterozygous matings were used for all of the experiments in this study. When exon 2 was deleted, alternative usage of the first methionine codon in exon 3 resulted in premature termination. Using a probe against the exon 3-6 region, we found the presence of a truncated CPEB3 RNA in the heterozygous and KO tissues (Fig. 1B) , suggesting that the premature stop codon in the truncated transcript did not efficiently trigger non-sense-mediated RNA decay (NMD) (Schoenberg and Maquat, 2012). The shorter CPEB3 transcript in the testis is caused by alternative polyadenylation (Morgan et ) promoter-driven neomycin-resistance gene (Neo) and loxP-flanked exon 2 cassette was inserted into the cpeb3 gene by homologous recombination. After the excision of the PGK-Neo cassette by crossing with a C57BL/6 mouse line expressing Flp recombinase driven by a ubiquitous ␤-actin promoter (actin-flp), the resulting female progenies carrying the floxed CPEB3 allele CPEB3 (fCPEB3) were mated with C57BL/6 males containing a Cre recombinase transgene under the control of protamine promoter (protamine-cre) to excise exon 2 in sperms to produce the KO allele. Male offspring carrying WT (ϩ/ϩ), heterozygous (ϩ/Ϫ) or KO (Ϫ/Ϫ) alleles from heterozygous matings were selected for (B) Northern blot analysis using a probe against exon 3-6 of CPEB3 RNA or HIF-1␣ RNA (loading control). The arrows denote two CPEB3 transcripts derived from alternative usage of the polyadenylation signals in the 3Ј-UTR. The arrowheads denote the truncated CPEB3 transcripts without the exon 2 sequence. C, RT-PCR analysis using RNAs isolated from the brain and testes of WT and KO littermates confirmed the presence of exon 2-deleted CPEB3 transcript in the KO tissues. D, E, Western blotting (D) and immunohistochemistry (E) of coronal brain slices using the affinity-purified polyclonal CPEB3 antibody revealed no immunostained signal in the KO tissue. Scale bar, 0.25 mm unless specified.
al., 2010). Using the more sensitive assay, RT-PCR, we confirmed the absence of exon 2 in CPEB3 RNA in the KO tissues (Fig. 1C) . Moreover, no CPEB3 protein was detected in the KO tissues using Western blotting (Fig. 1D ) and immunohistochemistry assay ( Fig. 1E ) with the affinity-purified polyclonal CPEB3 antibody. Thus, we produced a mouse line deficient in CPEB3 protein.
CPEB3 KO mice showed higher anxiety in the open field and elevated short-term fear response in the contextual fear conditioning
The following behavior studies were blindly conducted to the genotypes using 2-to 3-month-old male WT and KO littermates. The body weight (WT: 22.84 Ϯ 0.4 g; KO: 22.58 Ϯ 0.5 g, n ϭ 40), home-cage behaviors (Table 1) , and physical performance assessed using the modified SmithKline/Harwell/Imperial College/ Royal Hospital/Phenotype Assessment (SHIRPA) procedures (Masuya et al., 2005, Table 2 ) were similar between the two groups of mice. Anxiety-like responses and exploratory behaviors were studied in the open field and EPM. Normally, mice fear an open environment and tend to avoid the center of the field or the elevated open arm. The extent of anxiety is determined by counting the number of entries and the duration of stay by the test animal into the center zone in the open field (Fig. 2 A, B) or into the open arm in the EPM (Fig. 2C) . The KO mice showed elevated anxiety in the open field, but not the EPM because they spent less time and showed a reduced number of crosses into the center arena ( Fig. 2A) . Although the locomotor activity of the null mice was significantly lower (i.e., total distance) in the open field, the KO mice preferred to not enter the center even after taking this factor into consideration (Fig. 2B) . The reduced locomotor activity in the open field was not due to motor problems given that the KO mice showed normal motor coordination on the rotarod (Fig. 2D ) and demonstrated similar locomotor abilities to WT littermates in the home-cage environment (Table 1) .
We next used contextual fear conditioning and MWZ to examine hippocampus-dependent memory. In the former assay, the mice learned to express a fear response (i.e., freezing) when faced with a conditioned stimulus (CS, the chamber environment), which was previously paired with a noxious unconditioned stimulus (US, electrical foot shock). In contrast, if the mice were exposed only to the CS without US pairing, then previously acquired fear responses would gradually decline. This process is known as extinction. The freezing levels in WT and KO mice were similar during habituation, increased significantly after CS-US paired trainings (i.e., acquisition, F (4,72) ϭ 115.57, p Ͻ 0.001), and were significantly reduced during extinction (F (4,72) ϭ 18.998, p Ͻ 0.001), indicating that both groups of mice could perform associated learning tasks (Fig. 2E) . Importantly, the KO group learned more rapidly during acquisition (F (1,18) ϭ 4.9791, p Ͻ 0.05), but slower during extinction (F (1,18) ϭ 20.4272, p Ͻ 0.001). Post hoc comparisons revealed that the KO mice showed increased freezing in the second and third trials during acquisition ( p Ͻ 0.05) and extinction ( p Ͻ 0.01). Nevertheless, given sufficient training, the consolidated long-term fear memory and extinction memory, as determined 1 d after acquisition (i.e., the freezing response in the first extinction trial) and recalled 7 d after extinction, respectively, were normal in the KO mice (Fig. 2E ). The average current intensities required to trigger a specific response, awareness, vocalization, or jumping in WT and KO mice were similar (Fig. 2F ) , suggesting that the KO animals displayed a normal perception of shock.
CPEB3 KO mice had enhanced consolidated spatial memory in the MWZ During spatial acquisition, the mice learned to locate a hidden platform using visual cues around the maze. Both WT and KO mice learned where the platform was positioned as evidenced by the decreasing latencies over the 4 d training period (F (3,42) ϭ 68.2152, p Ͻ 0.001); however, no difference in spatial learning between groups was observed (F (1,14) ϭ 2.744, p ϭ 0.1198; Fig.  3A ). During the probe trial, the hidden platform was removed and the amount of time that the mice spent in the target quadrant, where the platform was previously placed, was recorded to determine their consolidated LTM. Both WT and KO mice spent a significant time in the target quadrant (WT: F (3,28) ϭ 5.1255, p Ͻ 0.001; KO: F (3,28) ϭ 50.208, p Ͻ 0.001). Moreover, the KO mice showed better consolidated spatial memory because they spent more time in the target quadrant relative to their WT littermates (F (1,7) ϭ 1.797, p Ͻ 0.05, Student's t test; Fig. 3B ). During the reversal trials (Fig. 3C) , the hidden platform was moved to a different quadrant and the mice learned to locate the platform in its new position for 1 d of the four spatial trainings. The probe test was followed 24 h later. Although there was no difference in reversal spatial learning between the two groups of animals (the latency to escape in seconds, on day 9, WT: 31.68 Ϯ 7.98 vs KO: 29.19 Ϯ 6.71; day 11, WT: 30.50 Ϯ 10.76 vs KO: 28.63 Ϯ 8.47; day 13, WT: 30.69 Ϯ 10.42 vs KO: 33.94 Ϯ 8.50) , the KO mice clearly spent less time in the newly acquired Q4 quadrant compared with WT littermates in the first reversal probe test (Fig. 3C ). Such a difference was likely caused by the stronger consolidated memory for the previous Q2 platform position in the KO mice (Fig. 3B) . Both of the groups of mice navigated Ͼ25% of time in the Q2 quadrant in the first reversal probe trial, but soon learned to relocate the platform in the most recently trained quadrant in the second and third reversal probe tests (Fig. 3C) . Last, using the visible platform, we ensured that the swimming ability and visual acuity of the KO mice were normal (Fig. 3D) .
Enhanced PP-LFS-elicited LTD in juvenile CPEB3 KO mice
To examine whether specific forms of synaptic plasticity were altered in the SC-CA1 pathway of the KO hippocampus, we used hippocampal slices isolated from juvenile and adult mice for LTD and LTP studies. The basic synaptic responses, including the input-output relationship (Figs. 4A, 5A ) and PPF (Figs. 4B , 5B), did not differ between the WT and KO groups. LTD induced by LFS was normal (Fig. 4C) , but evoked by PP-LFS was enhanced in young KO hippocampal slices (Fig. 4D) . PP-LFS-evoked LTD required the activation of NMDARs in 3-to 4-week-old WT and KO mice (Fig. 4D) . PP-LFS is a stronger induction protocol, which can also evoke NMDAR-independent LTD in adult mice (Oliet et al., 1997; Kemp et al., 2000) . However, no difference was found in this form of LTD if adult slices were used (Fig. 5C) . Adult KO hippocampal slices were analyzed for potential deficits in LTP elicited by one, two, or four trains of HFS, or one or four trains of TBS (Patterson et al., 2001; Alarcon et al., 2004) . All forms of LTP were normal in the KO slices (Fig. 5D-H ) , even though the CPEB3-null mice displayed better spatial memory (Fig. 3) . Numerous studies using pharmacological or genetic manipulations have demonstrated that the causal relation between LTP/LTD and phenotypic changes in LTM does not always exist. For example, LTP is viewed as a long-lasting enhancement in synaptic efficacy following stimulation. Nevertheless, the mice expressing a mutant PSD95 had potentiated LTP and absence of LTD, yet exhibited impaired spatial memory in the MWZ (Migaud et al., 1998) . From the field-recording data, we found that ablation of the cpeb3 gene facilitated a specific form of long-term plasticity, PP-LFS-induced LTD, at the SC-CA1 synapses of juvenile (i.e., NMDAR-dependent) but not adult (i.e., NMDARindependent) KO slices.
Dendritic spine enlargement in CPEB3 KO neurons
Behavioral and electrophysiological studies indicated that the KO mice had aberrant memory and plasticity relative to their WT littermates. To investigate the molecular and cellular defects caused by CPEB3 depletion, we used cortical/hippocampal tissues isolated from WT and KO E18 embryos for neuronal cultures. Because female KO mice exhibited severely reduced fertility, the embryos of different genotypes were collected from heterozygous matings and showed no significant difference in their body weights (Fig. 6A) . The spine morphology of WT and KO pyramidal excitatory neurons was analyzed. Neurons (14 DIV) transfected with a plasmid expressing EGFP were fixed for immunostaining at 18 DIV to clearly outline the morphology of transfected neurons. Overall, depletion of CPEB3 did not affect the gross morphology of neurons (Fig. 6B) . However, when compared with WT neurons at higher magnification, the width of the spine head (but not the density and length of the spine) in KO neurons was significantly increased (Fig. 6 B, C) .
Elevated surface expression of NMDARs in CPEB3 KO neurons
Because the KO pyramidal neurons showed normal dendritic arborization but enlarged spine morphology, we followed the expressions of CPEB3 and several glutamatergic synapse molecules during neuronal development in culture. The lysates harvested from WT and KO neurons of different DIV were used for immunoblotting. The CPEB3 level was low at the early stages during axonal and dendritic growth, and plateaued after 2 weeks in culture. Importantly, the expression levels of several PRPs, such as the subunit of NMDAR, NR1, the subunit of AMPAR, GluA1, and PSD95, began to increase in 15-19 DIV KO neurons (Fig. 7A) . Although GluA1 was previously reported target of CPEB3, it is not known that the lack of CPEB3 in neurons can result in elevated expression of PSD95 and the essential NMDAR subunit, NR1 (now known as GluN1). To further examine this phenomenon, we examined calcium influx [Ca 2ϩ ] i through the opening of NMDARs in Fura2-AM-filled WT and KO neurons using ratio-matrix analysis (F/F 0 ). The increased [Ca 2ϩ ] i induced by exposure to NMDA was higher in KO neurons (Fig. 7B,  peak) . This NMDA-induced [Ca 2ϩ ] i could be suppressed by the copresence of a high extracellular concentration of the NMDAR blocker, Mg 2ϩ . Furthermore, such a defect could be rescued by ectopically expressing myc-CPEB3 (Fig. 7B , blue line and bars), suggesting that elevated NMDAR-induced [Ca 2ϩ ] i was unlikely caused by other compensatory mechanisms in the absence of CPEB3. As CPEB3 is a translational repressor, we next examined whether total and synaptic NMDAR and PSD95 remained upregulated in the KO adult brain. The NMDAR is a heterotetrameric complex composed of two obligatory NR1 subunits and two NR2(A-D) subunits and/or more rarely, NR3 subunits (Cull-Candy et al., 2001) . Because the prevalent NR2 subunits in adult forebrain are NR2A and NR2B (now known as Grin2A and Grin2B), brains isolated from the 3-month-old mice were biochemically fractionated to obtain synaptic density and synaptic cytosol for immunodetection of GluA1, PSD95, and the predominant NMDAR subunits (NR1, NR2A, and NR2B) (Fig. 8A) . Both the total and synaptic levels of PSD95, NR1, NR2A, and NR2B were elevated in CPEB3-deficient brains (Fig. 8A, bar graphs) . Moreover, GluA1, the previously identified CPEB3 target (Pavlopoulos et al., 2011) , was slightly upregulated in the total lysate and synaptic density, but more upregulated in the synaptic cytosol. Alterations in these protein expressions occurred post-transcriptionally given that the amounts of these RNAs remained the same in the KO brains (Fig. 8B) . The entry times, staying duration, and traveling distance in the center during the first 10 min and the total 1 h moving distance in the arena were presented as bar graphs. B, The center entry times were normalized against the moving distance in the first 10 min. C, The percentage of entry and staying duration into the open arms versus the total arms in the EPM was analyzed. D, Rotarod. The rotating speed that caused the mouse to fall and the latency in which the mouse could stay on the rotating rod were analyzed. E, Contextual fear conditioning. The freezing response during habituation (hab) and acquisition was analyzed for 2 min per trial. A foot shock was given at the end of habituation and the first three conditioning trials. During extinction, the mouse was placed in the chamber for 30 min without reinforcing the shock. The freezing level was analyzed every 6 min for five segments. Consolidated extinction memory was recalled a week later by monitoring the freezing behavior for 6 min in the original chamber. F, Shock reactivity. The current intensities required to evoke various responses in the mice were recorded. The data were expressed as mean Ϯ SEM; *p Ͻ 0.05 and **p Ͻ 0.01, Student's t test. A, The WT and KO mice normally learned in the hidden platform version of MWZ within four trials per day for 4 consecutive days. B, In the probe trial, the platform was removed, and the percentage of time that the mouse spent navigating in each quadrant was analyzed. Both of the groups of mice searched closer to the target quadrant where the platform had been previously placed. C, Reversal learning. On day 9, the mice were trained for four trials to locate the hidden platform in a new position. The reversal probe test was conducted 24 h later on day 10. The reversal learning and probe test were repeated two more times with an altered platform position. D, The motor ability and visual acuity of the mice were assessed by the swimming speed in the cued version of MWZ, in which the platform was indicated by a visible flag. All of the data were expressed as the mean Ϯ SEM; *p Ͻ 0.05 (Student's t test).
PSD95 expression was translationally upregulated in CPEB3-deficient neurons
The elevated expression of NR1, NR2A, NR2B. and PSD95 at the protein level in CPEB3 KO brains could be directly caused by translational upregulation in the absence of the repressor, CPEB3 (Fig. 8 ). Thus, we tested whether CPEB3 could bind to these RNAs using RIP (Fig. 9A) . Similar to the previously identified GluA1 RNA, there was a Ͼ2-fold increase in PSD95 and NR1 RNAs and ϳ1.5-fold increase in NR2A and NR2B RNAs, but not of the negative control glyceraldehyde 3-phosphate dehydrogenase (GAPDH) RNA pulled down in the CPEB3 immunoprecipitates (Fig. 9A) . Next, we investigated the translational status of GluA1, NR1, NR2A, NR2B, PSD95, and GAPDH mRNAs by comparing polysomal distributions of these RNAs in WT and CPEB3 KO neurons. The RNA distribution in each fraction is expressed as the percentage of total. A depletion of CPEB3 did not alter general polysome profiles (Fig. 9B) . Notably, there was a shift of PSD95, NR1, and NR2A RNAs and a subtle migration of GluA1and NR2B RNAs, but not the control, GAPDH RNA, toward heavier density fractions. This revealed an enhanced association between these PRP mRNAs and larger polysomes, indicating increased translation of these PRP mRNAs (Fig. 9B) . A previous study has shown that association of NR2A (or NR2B) with PSD95 reduced the calpain-mediated cleavage of NR2A (or NR2B) in response to NMDA stimulation (Dong et al., 2004) . Moreover, acute knockdown of PSD95 decreased AMPAR-and NMDAR-mediated EPSCs, although overexpression of PSD95 selectively potentiated AMPAR-mediated EPSCs in CA1 neurons (Ehrlich et al., 2007) , suggesting that a change in PSD95 levels could regulate synaptic strength. Furthermore, we found that increased expression of PSD95 was observed 1-2 d earlier than GluA1 and NR1 (Fig. 7A) and that the 3Ј-UTR of PSD95 RNA was more complete compared with NR1, NR2A, and NR2B. Thus, we examined whether CPEB3 could directly bind to the PSD95 3Ј-UTR and repress translation of a reporter RNA appended to this sequence. The radiolabeled 3ЈUTRs of PSD95 and Arc (a negative control) mRNAs were subjected to in vitro UV-cross-linking with the C-terminal RBD of CPEB3 fused to maltose-binding protein (MBP-CPEB3C). The in vitro binding and RNA reporter assays revealed that CPEB3 directly bound to the 3Ј-UTR of PSD95 RNA (Fig. 9C) and suppressed 20 -25% translation of the reporter RNA in neurons (Fig. 9D) .
Discussion
This study demonstrates that CPEB3 functions as a negative regulator in learning and memory by confining the expression of several PRPs, including NR1, NR2A, NR2B, and PSD95. In conjunction with the previously identified CPEB3 targets, GluA1 and GluA2 RNAs (Huang et al., 2006; Pavlopoulos et al., 2011) , CPEB3 coordinately constrained the syntheses of multiple PRPs that are critical for regulating the plasticity of glutamatergic synapses. Although CPEB3 was proposed to function as a translational activator once monoubiquitinated by Neurl1 (Pavlopoulos et al., 2011) , it may not be the key substrate of Neurl1 that contributes to the better memory performance, facilitated LTP and LTD in Neurl1-overexpressing mice. That is because CPEB3 KOs also showed enhanced spatial memory and LTD. Crossing the Neurl1-transgenic mice with CPEB3 KOs will help clarify this issue. Genetically expressing a loss-of-function mutant, increasing or depleting the expression of NR1 (Tsien et al., 1996; , NR2A (Cui et al., 2013 ), NR2B (Tang et al., 1999 von Engelhardt et al., 2008; Brigman et al., 2010) , GluA1 (Chourbaji et al., 2008; Wiedholz et al., 2008 ), GluA2 (Jia et al., 1996 ), or PSD95 (Migaud et al., 1998 Beique et al., 2006) in mice results in various abnormalities in learning and memory. For example, GluR1 KO mice had hyper locomotor activity in the open field (Chourbaji et al., 2008) and NR2B transgenic mice showed enhancement in both consolidation and extinction of fear memory (Tang et al., 1999) . When the translational repressor CPEB3 is genetically ablated, the expressions of these important glutamate signaling molecules are elevated, and at least in part, contribute to the abnormal spine morphology and aberrant behaviors observed in the KO mice. The molecular changes we identified so far may not explain all the behavioral differences (WT, green; KO, red) were collected from three independent cultures and analyzed using the MetaMorph software. The cumulative probability curves of density, length, and width of dendritic spines in each group (ϳ3000 spines) were plotted and analyzed for the statistical difference between groups using Student's t test.
seen in the KOs. It is possible that dysregulation of other CPEB3-targeted RNAs may also contribute to the behavioral deficits. Identification of other mRNAs bound by CPEB3 using the UVcross-linking procedure coupled with high throughout sequencing (HITS-CLIP) (Ule et al., 2003; Licatalosi et al., 2008 ) is currently in progress.
Multilayered controls of PRP syntheses
Accumulating evidence suggests syntheses of many PRPs are subject to multilayered post-transcriptional control with concerted actions of multiple RNA-binding proteins. For example, PSD95 is transcribed early in the mouse embryonic brain, although most of its product transcripts are degraded through polypyrimidine tract binding protein (PTBP)1 and PTBP2-regulated alternative splicing to trigger NMD (Zheng et al., 2012) . The gradual loss of PTBP1 and PTBP2 during neuronal development allowed for the late expression of PSD95 during neuronal maturation. In contrast, CPEB3 level was low at the early stages during axonal and dendritic growth, and plateaued at the time of spine maturation when PSD95 expression began to upregulate in the KO neurons. The stability of PSD95 RNA is enhanced by fragile X mental retardation protein (FMRP) and metabotropic glutamate receptor (mGluR) activation (Zalfa et al., 2007) . Moreover, FMRP can repress PSD95 translation through miR-125a; while mGluR activation alleviates this repression (Muddashetty et al., 2011) . In addition to PSD95 RNA, the syntheses of GluA1, NR1, NR2A, and NR2B are also regulated by other RNA-binding proteins in addition to CPEB3 as well as many microRNAs (miRs). For instance, the genetic deletion of eIF-4E binding protein 2 (4E-BP2) in mice upregulates translation of GluA1 and GluA2 RNAs as judged by the distribution of GluA1 and GluA2 RNAs migrating toward the polysomal fractions of heavier density (Ran et al., 2013) . NR2A was recently reported to be regulated through CPEB1-mediated polyadenylation-induced translation under the protocol used to stimulate chemical LTP in neurons (Udagawa et al., 2012; Swanger et al., 2013) . Furthermore, altered expression levels of several miRs, such as miR-124 (Dutta et al., 2013 ), miR-132, miR-181a (Saba et al., 2012 ), and miR-223 (Harraz et al., 2012 could directly or indirectly influence the protein levels of some subunits of AMPARs and/or NMDARs. In addition to the previously identified GluA1 and GluA2 RNAs, this study has identified that CPEB3 also plays a role in confining the translation of PSD95 and NMDAR subunit RNAs, suggesting that multilayered control of these PRP syntheses is critical for synaptic plasticity, learning, and memory. The protein levels of NR1, GluA1, PSD95, CPEB3, and leucine-rich protein (LRP)130 were normalized against ␤-actin and plotted against DIV. The results from three independent cultures were quantified and displayed as the mean Ϯ SEM. B, WT and KO neurons at 16 -17 DIV were subjected to calcium imaging. Several of the KO neurons were infected with the lentivirus expressing myc-CPEB3 on 12-13 DIV for the rescue experiment (KO ϩ myc-CPEB3). The Fura2-AM-loaded neurons were treated as indicated. Representative calcium images before or after NMDA treatment are shown on the left. The change in [Ca 2ϩ ] influx was monitored by the fluorescence ratio at 340/380 nm (F/F 0 ) and plotted against time. The data obtained from three independent cultures with ϳ250 -300 neurons in each group were expressed as the mean Ϯ SEM. The statistical difference in [Ca 2ϩ ] influx induced by NMDA between groups was analyzed using Student's t test. Scale bars: 100 mm.
Are CPEBs functionally redundant in learning and memory?
Vertebrates contain four cpeb genes and all of them encode proteins widely expressed in the brain including the hippocampal area (Theis et al., 2003) . The RBD of CPEB1 has a higher sequence identity to Drosophila CPEB1 (i.e., Orb, 60%) and Aplysia CPEB (ApCPEB, 65%) compared with CPEBs 2-4 (45%). CPEBs 2-4 are 96% identical in this region and have 87% identity with their fly homolog, Orb2 (Fig. 10) . Swapping the RBDs between CPEB1 and CPEB3 in Xenopus oocytes or Orb and Orb2 in the fly along with the in vitro RNA-binding assay all indicate that CPEB1 (Orb) and CPEB-like proteins (CPEBs 2-4 and Orb2) possess distinct sequence preference for binding and likely regulate different spectrums of RNAs in vivo (Huang et al., 2006; Krüttner et al., 2012) . In contrast to the C-terminal RBD, only CPEBs 2-4 have ϳ25-35% identity among themselves, but show no significant homology with CPEB1, ApCPEB, and Orb2 in the N-terminal region (Fig. 10) . The CPEB2 isoform used for comparison here is CPEB2a, which is the most abundantly expressed in neurons (Chen and Huang, 2012). In the present study, we showed the behavioral defects in CPEB3-deficient mice are clearly different from CPEB1-null mice. Particularly, CPEB1-dependent protein synthesis is an important cellular mechanism underlying extinction of hippocampus-dependent memories in both contextual fear memory and water maze spatial memory (Berger-Sweeney et al., 2006) . In contrast, CPEB3 is more involved in confining the strength of consolidated spatial memory in the water maze task. The increased expression of multiple glutamatergic synapse molecules also affects short-term contextual fear memory, which is a protein synthesis-independent process. With the exception of NR2A RNA, all other CPEB3-bound RNAs identified from this study have not been reported to be regulated by CPEB1. Thus, it appears that different CPEB members may participate in establishing memory of specific kind. The mechanisms underlying memory extinction, while also requiring new protein production, can be somewhat distinct from those underlying consolidation, storage, and retrieval of memories. Although Orb2 is necessarily required for consolidating long-term courtship memory in the fly (Keleman et al., 2007) , one of its mammalian homologs, CPEB3, seems to be dispensable for forming long-term spatial memory. The contribution of CPEB2 Figure 8 . Deletion of CPEB3 resulted in increased total and synaptic protein levels of PSD95 and NMDAR. A, The total homogenates and synaptosomal fractions (synaptic density and synaptic cytosol) were isolated from 3-month-old WT and KO mouse brains (n ϭ 6 in each group) and used for Western blotting analysis. The protein levels of NR1, NR2A, NR2B, GluA1, and PSD95 were normalized against ␤-actin. Synaptophysin (SVP38) and leucine-rich protein (LRP)130 served as nontarget controls. The quantified data were expressed as the mean Ϯ SEM in the bar graphs. Significant differences between the WT and KO groups are denoted as *p Ͻ 0.05 or **p Ͻ 0.01, Student's t test. B, The relative expression levels of various RNAs in WT and KO brains were similar. The cortices and hippocampi isolated from the 3-month-old WT and KO mice (4 animals in each genotype) were extracted for RNAs. The total RNAs were then reverse-transcribed and processed for RT-qPCR. and CPEB4 in learning and memory will require further investigation by first establishing the KO mice.
Are mammalian CPEBs prions?
A critical question regarding long-term synaptic plasticity is how to sensitize and potentiate naive synapses once stimulated and how a transient activation by the presynaptic release of neurotransmitters achieves prolonged synaptic modifications. It has been known for decades that activity-induced synthesis of PRPs is crucial for the establishment and consolidation of LTM, but how these newly synthesized proteins with a half-life of hours or days can maintain synaptic strength and persist life-long memory are unclear. Studies in Aplysia and Drosophila have postulated a prion-like translational regulator, CPEB, which may offer a solution to this conundrum Krüttner et al., 2012; . "Prion-like mechanism in LTM" proposes that an initial conformational change of a translational repressor in response to synaptic stimulation can template the conversion of other soluble proteins into a prion-dominant conformation. Once converted to a self-perpetuating prion form, this repressor becomes a translational activator that continuously supplies proteins required for the generation of stable synapses and memory . Although a few studies have shown Figure 10 . Sequence comparison of CPEB family proteins. All CPEB proteins have an N-terminal region (black box) and a C-terminal region (gray box) containing two RNA recognition motifs (RRM) and two zinc fingers (Zif). Among the RBDs, there is considerable identity ranging from 40 to 96%. Mouse CPEBs 2-4 are nearly identical in the RBDs. Mouse CPEB1 (mCPEB1) is closer to Aplysia CPEB (ApCPEB) and Drosophila CPEB (Orb) than it is to mCPEB2; in addition, Drosophila Orb2 is more similar to mCPEBs 2-4 than it is to Orb. Except for CPEBs 2-4, there is little identity (NS, not significant) among the N-terminal regions of the CPEB proteins. Moreover, the Q-rich sequence of variable length (white box) is present in some CPEB proteins. . CPEB3 binds to the PSD95 RNA and represses its translation. A, RIP. The mouse brain lysate was immunoprecipitated with control or CPEB3 IgG. The precipitated RNAs were reverse transcribed followed by RT-qPCR to determine the relative RNA levels between control and CPEB3 immunoprecipitates. B, The polysomal profiles of WT and CPEB3 KO neurons are shown on the left. The polysomal distribution of GluA1, NR1, NR2A, NR2B, PSD95, and the control GAPDH RNAs in WT and KO neurons was determined by RT-qPCR using RNAs isolated from each fraction and expressed as the percentage of total RNAs summed from all fractions. C, CPEB3 bound to PSD95 3Ј-UTR. The recombinant maltose binding protein (MBP) fused to the C terminus of CPEB3 RBD (MBP-CPEB3C) was UV-cross-linked with 32 P-labeled 3Ј-UTRs of Arc and PSD95 RNAs, RNase treated, and then analyzed by SDS-PAGE. D, RNA reporter assay. The cultured neurons were transfected with RNAs encoding myc-CPEB3, myc-CPEB3C, or EGFP, in combination with the firefly luciferase appended to the PSD95 3Ј-UTR and Renilla luciferase. The normalized luciferase activity (firefly/Renilla) was calculated. Four independent results were analyzed and expressed as the mean Ϯ SEM. Asterisks mark the significant difference (Student's t test).
that prion-like oligomerization of Orb2 can be activity induced and was essential for LTM of the fly courtship behavior (Krüttner et al., 2012; , it remains largely unknown how the physical conversion of Orb2 from a soluble to a prion structure changes its function from a repressor (MastushitaSakai et al., 2010) to an activator. Mammals express four CPEBs in neurons, but only CPEB2 and CPEB3 contain short Q-stretch motifs in the N terminus. Although the prion domain in Orb2 can be substituted with the Q-containing motif from mouse CPEB3 (Krüttner et al., 2012) , in this study, CPEB3 KO mice displayed a potentiated short-term fear response in contextual fear conditioning and enhanced long-term spatial memory in the MWZ, indicating that CPEB3 unlikely employs a prion-like mechanism to persist in all types of long-term memories. Biochemical studies also supported a role of CPEB3 as a translational repressor (Huang et al., 2006) to constrain the expressions of AMPAR, PSD95, and NMDAR. Although CPEB3 KO mice have better spatial memory in the MWZ, such potentiated memory appears to jeopardize their ability to rapidly acquire new spatial information during reversal learning, suggesting that a slight alteration in the synaptic proteome composition could shift the balance of learning and memory toward a better response for one task and a worse response for the other. Whether CPEB3 may employ a prion-like mechanism to influence specific kinds of memories or other mammalian homologs of Orb2 (i.e., CPEB2 and CPEB4) can employ a prion-like mechanism to positively regulate learning and memory, will require further investigation.
